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in	 solution;	 the	 aromatic	 core	 lies	 flat	 on	 graphene	 and	 the	 PDI	 side	 groups	 influenced	 the	
physisorption	 strength	 and	 molecular	 packing.	 Upon	 varying	 just	 a	 single	 atom	 in	 the	 chemical	
structure	 of	 the	 side	 groups,	 significantly	 different	 exfoliation	 efficiencies	 were	 observed.	 The	
graphene–PDI	 interaction	 was	 studied	 at	 the	 nanoscale	 by	 scanning	 tunneling	 microscopy	 and	
molecular	 dynamics,	 at	 the	 microscale	 by	 atomic	 force	 and	 electron	 microscopy,	 and	 at	 the	
macroscale	 by	 optical	 spectroscopy.	 Thanks	 to	 the	 high	 volatility	 of	 the	 chosen	 solvent,	 the	




Graphene	 is	 among	 the	 most	 promising	 new	 materials,	 togeth-	 er	 with	 graphyne[1]	 and	
pentagraphe,[2]	 and	 is	 attracting	 great	 interest	 because	 of	 its	 outstanding	 electrical,	 mechanical,	
thermal,	and	optical	properties.	With	such	unique	characteristics,	different	kinds	of	graphene-based	
materials	 (GRMs)	 such	 as	 single-	 and	 few-layer	 graphene	 have	 been	 produced	 for	 applications	 in	
diverse	 technological	 fields	 including	 (opto)electronics,	 photonics,	 and	 energy	 generation	 and	
storage.	In	view	of	their	high	surface-to-volume	ratio,	GRMs	are	particularly	appealing	as	nanofillers	
for	polymer	nanocomposites,	especially	for	structural	applications	in	the	aerospace,	automotive,	and	
sporting	 tool	 industries,	 and	 so	 on.	 The	 number	 of	 final	 products	 on	 the	 market	 containing	
graphene-based	 composites	 is	 increasing	 continuously,	 including,	 for	 example,	 tennis	 rackets,[3]	
bicycles,	and	skis.	
One	 main	 advantage	 of	 graphene	 over	 other	 nanofillers	 such	 as	 carbon	 nanotubes	 is	 that	 its	
properties	 can	 be	 tuned	 by	 the	method	 used	 for	 its	 production,	 which	 can	 involve	 top-	 down	 or	
bottom-up	approaches.[4]	
Dispersions	of	GRM	can	be	obtained	 at	 low	 cost	 on	 the	 kilogram	 scale	by	 liquid-phase	exfoliation	
(LPE)	of	graphite,	as	pioneered	by	Coleman	and	co-workers.[5]	This	method	 is	 the	most	promising	
for	 industrial	 applications,	 for	 example,	 to	 produce	 graphene	 as	 a	 nanoadditive	 in	 polymer	
composites,[6]	or	ultra-light	foams	or	2D	composites	for	electronics	or	energy	storage.[7]	








of	 graphite.[9]	 The	 most	 suitable	 media	 for	 liquid	 formulations	 used	 presently	 are	 high-
boiling	solvents	such	as	N,N-dimethylformamide	(DMF)	and	N-methyl-2-pyrrolidone	(NMP).	
A	major	disadvantage	of	using	such	solvents	is	their	difficult	removal.	
B) Amphiphilic	 surfactants	 consisting	 of	 a	 hydrophobic	 tail,	 which	 has	 a	 high	 propensity	 to	
physisorb	on	 the	basal	plane	of	 graphene,[10]	and	a	hydrophilic	head-group,	which	 favors	




this	 approach	 is	 that	 one	 can	 successfully	 use	 as	 surfactants	 some	 low-cost	 dyes	 that	 are	






for	every	application.	Although	 its	boiling	point	 is	much	 lower	 than	 that	of	DMF	 (b.p.	=	153	°C)	or	
NMP	(b.p.	=	202	°C),	it	is	difficult	to	remove	it	quantitatively.	Trace	leftovers	are	detrimental,	for	ex-	
ample,	 acting	 as	 charge	 traps	 and	 oxidative	 defects	 in	materials	 for	 electronics.[15]	Moreover,	 in	
composites,	 water-based	 dispersions	 are	 not	 miscible	 with	 the	 vast	 majority	 of	 common	
thermoplastic	 polymers	 such	 as	 polypropylene	 (PP),	 polystyrene	 (PS),	 polyethylene	 terephthalate	
(PET),	polyvinyl	chloride	(PVC),	and	so	on.	
Alternatives	 to	NMP	and	DMF	have	been	demonstrated	 to	process	graphene	with	semiconducting	
polymers,	 for	example,	 the	exfoliation	of	graphene	with	dichlorobenzene	(DCB),	but	 this	solvent	 is	
toxic	and	has	a	high	boiling	point	(189	8C).[16]	
For	an	effective,	 technologically	 competitive	application	of	2DMs	as	additives	 in	 (nano)composites	
for	electronics	or	structural	applications	it	is	preferable	to	solubilize	graphene	in	low-	boiling	volatile	
solvents,	such	as	 those	commonly	used	 in	organic	chemistry	 laboratories,	 for	example,	chloroform	
(CHCl3)	 or	 tetrahydrofuran	 (THF).	 However,	 the	 use	 of	 amphiphilic	 surfactants	 is	 not	 suitable	 for	
solubilizing	graphene	in	organic	sol-	vents,	the	polarities	of	which	are	typically	low.	
Therefore,	we	undertook	a	different	strategy	relying	on	the	use	of	molecules	featuring	an	extended	
polyaromatic	 core,	 which	 can	 interact	 through	 p–p	 stacking	 with	 graphene.	 Such	 molecules	 are	
decorated	with	flexible	side	groups	possessing	a	low	but	tunable	polarity	that	makes	them	soluble	in	
a	wide	range	of	organic	solvents.	
Perylene	 di-imide	 (PDI,	 Figure	 1	 a)	 has	 been	 chosen	 as	 the	 aromatic	 core	 because	 it	 represents	 a	
standard	building	block	exploited	 in	the	fabrication	of	semiconducting	materials	 for	applications	 in	




interactions	 of	 the	 PDI	 dyes	 with	 the	 solvent	 and	 with	 one	 another,[19]	 the	 self-assembly	 and	





group	 exposing	 in	 the	 para	 position	 a	 hydrogen	 (PDI@H),	 fluorine	 (PDI-F),	 or	 chlorine	 atom	 (PDI-
Cl).This	 single	 atom	 change	 in	 the	 molecular	 structure	 is	 sufficient	 to	 modify	 the	 polarity	 of	 the	
flexible	 side	 chains	and	 solubility	behavior,	but	 the	optoelectronic	properties	of	 the	perylene	core	
remain	unchanged.	 In	general,	 it	 is	well	 known	 that	 the	 supramolecular	 self-assembly,	 that	 is,	 the	
way	the	molecules	 interact	 if	physisorbed	on	a	 flat	solid	surface,	depends	on	substituents,	as	 they	




in	 dispersion	 to	 give	 graphene-organic	 hybrids	 (GOHs).	 Their	 different	 supramolecular	 behavior	






In	 general,	 exfoliation	 with	 organic	 molecules	 never	 provides	 a	 high	 yield	 of	 few-layer	 graphene	
(FLG)	 (i.e.,	 ,	 5	monoatomic	 sheets),	 unlike	exfoliation	proceeding	by	 chemical	or	 electro-	 chemical	
oxidation.[8]	This	approach	has	been	generalized	successfully	to	produce	other	2D	materials	such	as	
boron	nitride	(BN)	and	transition	metal	dichalcogenides	(TMDs).[21]	Purification	of	the	monolayers	
is	 achieved	 by	 centrifugation	 steps[22]	 or	 by	 chromatography[23]	 for	 applications	 such	 as	
transparent	conductors,	for	which	monolayers	are	required.	
Herein,	 we	 instead	 use	 these	 materials,	 with	 no	 purification	 by	 centrifugation,	 as	 additives	 in	
polymer	composites	or	 in	electronics	 to	enhance	 the	electrical	properties	of	 the	polymer	 in	a	 thin	
film	or	in	the	bulk	matrix.	In	such	applications,	low-	cost	and	fast,	facile	processability	are	key	factors	
;	the	coating	of	organic	dyes	enhances	the	interaction	with	the	polymeric	matrix,	and	recent	results	
indicate	 that	 FLG	 could	 even	 provide	 better	 structural	 reinforcement	 than	 pure	 monolayers	 for	
appli-	cations	in	polymer	composites.[24]	












The	 adsorption	 of	 single	 PDI	 dyes	 on	 a	 graphene	 sheet	was	 first	 investigated	 by	 using	 force-field	




the	 statistics	 showing	 the	 average	 distance	 between	 the	 phenyl	 rings	 and	 the	 graphene	 for	 the	
different	 PDI	 dyes	 investigated.	 Figure	 S1	 (Sup-	 porting	 Information)	 reports	 the	 calculated	
interaction	of	the	PDI	dyes	with	the	solvent	and	with	the	graphene	surface.	
As	 expected,	 all	 the	 molecules	 physisorb	 preferentially	 with	 the	 PDI	 core	 flat	 on	 the	 substrate,	
whereas	 the	phenyl	 side	groups	adopt	a	 tilted	arrangement.	Significantly,	 the	change	 in	 the	single	










Chlorine-terminated	 PDIs	 showed	 a	 much	 stronger	 interaction	 with	 graphene	 by	 adopting	 a	 flat	
conformation	 on	 the	 surface.	 The	 calculated	 interaction	 energy	 between	 the	 side	 groups	 and	
graphene	 (Table	S1,	Supporting	 Information)	amounts	 to	20.04±0.95	kcal	mol-1	 for	PDI-Cl,	which	 is	


















and	more	 bulky	 than	 the	 protonated	 and	 fluorinated	 ones,	 nor	 can	 it	 be	 explained	 by	 the	 higher	
polarity	 of	 the	 chlorophenylethyl	 moiety	 (2.56	 Debye),	 because	 PDI-F	 and	 PDI@H	 show	 a	 similar	
packing	on	graphene	even	though	the	former	has	highly	polar	side	groups	(2.23	Debye)	whereas	the	
latter	does	not	(0.42	Debye).	The	different	packing	of	PDI-Cl	can	instead	be	explained	by	a	stronger	
interaction	 of	 the	 chlorinated	 side	 groups	with	 graphene,	 in	 good	 agreement	with	 the	 force-field	
calculations,	which	encourages	more	PDI	to	be	adsorbed	on	the	surface	regardless	of	the	increased	
steric	hindrance.	The	density	of	molecules	that	can	self-assemble	to	form	a	monolayer	on	a	surface	
depends	 on	 the	 interplay	 between	molecule–	molecule	 and	molecule–surface	 interactions,	 as	we	
described	previously	 in	Ref.[19a]	 .	Every	time	a	new	molecule	adsorbs	on	graphene,	 the	energy	of	
the	system	decreases	owing	to	favorable	graphene–PDI	interactions	(=	20.04	kcal	mol-1	for	PDI-Cl,	as	
mentioned	 above);	 however,	 there	 will	 also	 be	 an	 increase	 in	 energy	 owing	 to	 the	 repulsive	
interaction	of	adsorbed	molecules	(caused	by	steric	hindrance).	
The	number	of	 adsorbed	molecules	will	 increase	until	 these	 two	 factors	 reach	an	equilibrium.	For	
PDI-Cl,	 the	 interaction	 with	 graphene	 is	 stronger	 than	 for	 the	 other	 PDIs,	 so	 equilibrium	 will	 be	
reached	at	a	higher	surface	density.	
Overall,	the	STM	data	show	that	all	three	PDI	are	able	to	interact	strongly	with	graphite,	albeit	with	







In	 this	 simple	yet	effective	experiment,	we	compared	 the	 relative	adsorption	 from	solution	of	 the	
different	dyes	onto	the	graphite	surface.	Increasing	amounts	of	graphite	powder	with	known	surface	
area	were	incubated	in	solutions	of	the	different	PDIs.	The	amount	of	PDI	adsorbed	on	the	surface	of	
the	graphite	powder	could	 then	be	measured	very	precisely	by	monitoring	 the	decrease	 in	optical	
absorption	 of	 the	 solution.	 We	 underline	 that	 no	 sonication	 was	 applied	 to	 the	 system	 and	 no	





Figure3	 shows	 the	 average	 amount	of	 PDI	 adsorbed	on	 graphite	 (NADS)	 versus	 the	 inverse	of	 the	
available	area	of	graphite	(1/SA).	For	low	SA	values	(right	part	of	the	graph),	NADS	is	low	because	there	
is	not	enough	graphite	surface	available	for	the	molecules	to	adsorb.	
Upon	addition	of	more	graphite,	SA	 increases	 (i.e.	1/SA	decreases),	eventually	 reaching	a	 threshold	
point,	which	is	clearly	visible	as	a	sudden	change	in	the	slope	in	all	the	graphs.	Above	this	threshold	
(left	of	each	graph),	nearly	all	molecules	are	adsorbed,	so	a	plateau	is	visible	in	the	graphs.	
Some	 deviations	 are	 observed	 depending	 on	 the	molecule	 and	 solvent	 used.	 In	 particular,	 PDI-Cl	









After	 quantification	 of	 the	 interaction	 of	 the	 PDIs	 with	 bulk	 graphite,	 we	 studied	 the	 exfoliation	
mechanism	 itself.	 The	 three	 PDIs	 were	 dissolved	 in	 a	 wide	 range	 of	 organic	 solvents	 of	 different	
polarities	and	increasing	surface	tensions	:	ethanol	(EtOH),	 isopropyl	alcohol	(IPA),	tetrahydrofuran	
(THF),	 chloroform	 (CHCl3),	 toluene,	 dichlorobenzene	 (DCB),	 dimethylformamide	 (DMF),	 and	 N-
Methyl-2-pyrrolidone	(NMP).	
The	 PDIs	 showed	 different	 solubilities	 in	 the	 different	 solvents,	 as	 also	 visible	 to	 the	 naked	 eye	
(Figure	 4	 a,b,c).	 As	 expected,	 each	 dye	 showed	 significantly	 different	 absorption	 spectra	 in	 the	
different	solvents,	owing	to	their	different	self-assembly	properties	and	the	influence	of	the	solvent	
(Figure	S2,	Supporting	Information).	
These	 changes	 in	 optoelectronic	 properties	 of	 PDIs	 in	 sol	 tion	 have	 been	 studied	 extensively	 in	
previous	work,	and	will	not	be	discussed	here	;	for	more	details	see,	for	example,	reference	[29]	and	
references	 therein.	 Graphite	 powder	 was	 then	 added,	 and	 the	 solutions	 were	 sonicated	
exhaustively,	following	well-established	standards.[9]	
After	sonication,	the	dispersions	were	centrifuged	to	remove	larger	aggregates,	and	the	supernatant	





after	 centrifugation.	 The	 dispersions	 were	 stable	 after	 several	 months.	 The	 amount	 of	 dispersed	
material	 was	 measured	 precisely	 through	 optical	 ab-	 sorption	 spectroscopy	 (OS)	 of	 the	 diluted	
dispersions.	
Optical	 absorption	measurements	 of	 these	 dispersions	 showed	 spectra	 similar	 to	 those	 observed	
previously	in	graphene-pyrene	composites,	with	well-defined	adsorption	peaks	attributed	to	the	PDI	
aromatic	 core,	 and	 a	 slowly	 decaying	 ab-	 sorption	 component	 typical	 of	 graphene	 (Figure	 S3,	
Supporting	 Information).	 The	different	optical	properties	of	 graphene	and	organic	molecules	 in	G-
PDI	 allow	 the	 estimation	 of	 their	 ratio	 by	 measuring	 the	 optical	 absorption	 at	 different	 wave-	
lengths.	The	concentration	of	exfoliated	graphene	was	estimated	by	measuring	 the	absorbance	at	
650	nm	(at	which	only	the	graphene	absorbs),	using	the	extinction	coefficient	reported	in	Ref.	[9]	.	
The	 concentrations	 of	 PDIs	 were	 obtained	 by	 measuring	 the	 absorption	 at	 the	 PDI	 strongest	







on	 the	 right	 part	 of	 Figure	 5	 a),	 which	 yield	 high	 concentrations	 of	 dispersed	 graphitic	
materials	 regardless	 of	 the	 presence	 or	 absence	 of	 PDI.	 This	 result	 could	 be	 expected,	
because	solvents	such	as	DMF	and	NMP	with	a	surface	tension	of	40–50	mJ	m-2	are	the	best	
match	 for	 the	graphite	surface	energy.[9]	DCB	has	also	been	used	successfully	 to	exfoliate	
graphene,	as	shown,	for	example,	in	Ref.	[16]	.	In	these	solvents,	the	addition	of	the	PDIs	is	
not	 significant	 ;	 it	 can	 give	 either	 an	 in-	 crease	 or	 a	 decrease	 in	 the	 amount	 of	 dispersed	
material.	
2) Low-boiling,	highly	polar	solvents	(EtOH	and	IPA,	located	on	the	left	part	of	Figure	5	a)	with	a	
surface	 tension	 below	 25	 mJ	 m-2,	 in	 which	 graphene	 is	 poorly	 soluble,	 regardless	 of	 the	
presence	of	PDI.	Even	the	solubility	of	the	PDIs	was	low	in	these	solvents.	
3) The	middle	part	of	Figure	5a	shows	 instead	 low-boiling	sol-	vents,	with	an	average	surface	
tension	 of	 25–30	mJ	 m-2	 (THF,	 CHCl3).	 Sonication	 of	 graphite	 in	 the	 latter	 solvents	 yields	
typically	 very	 low	 concentrations	of	 dispersed	 graphene	derivatives.	 In	 these	 solvents,	 the	
addition	of	PDI	 increases	greatly	the	amount	of	dispersed	graphitic	material	 (red	arrows	 in	
Figure	5	a)	
Notably,	the	efficiency	of	PDIs	as	dispersing	agents	does	not	seem	to	be	related	to	the	strength	of	
their	 interaction	 with	 graphene	 ;	 PDI-Cl,	 the	 molecule	 with	 the	 highest	 adsorption	 energy	 and	
packing	density	on	graphene,	did	not	give	the	best	results.	
The	 relative	 improvement	 in	exfoliation	and	dispersion	be-	 cause	of	each	PDI	as	a	 function	of	 the	
solvent	 surface	 tension	 is	 plotted	 in	 Figure	 5	 b.	 In	 most	 cases,	 a	 significant	 improvement	 was	




Tables	 1	 and	 2	 show	 the	 estimated	 amounts	 of	 dispersed	 FLG	 and	 PDI	 obtained,	 and	 the	 ratio	 R	
between	 the	 two	 (ex-	 pressed	 in	 graphene	 carbon	 atoms	 present	 in	 dispersion/PDI	 molecules	
present	 in	dispersion,	 to	 allow	 comparison	with	 STM	data).	We	 can	 see	 that,	 for	poor	 surfactants	
(e.g.	 PDI-H	 in	 THF),	 the	 material	 dispersed	 in	 the	 solvent	 is	 mostly	 PDI	 (R&	 1).	 Conversely,	 for	
systems	 in	 which	 the	 PDI	 seems	 to	 have	 a	 positive	 effect	 (e.g.	 ,	 in	 CHCl3),	 R	 is	 greater	 than	 50.	
Notably,	good	 results	were	also	observed	 for	PDI-H,	which	 is	 itself	not	very	 soluble	 in	 chloroform.	
This	suggests	 the	presence	of	a	synergic	effect	between	PDI@H	and	FLG,	with	each	one	stabilizing	
the	other	in	solution.	
The	 actual	 coverage	 of	 the	 PDI	 on	 the	 exfoliated	 flakes	 cannot	 be	 quantified,	 because	 exfoliation	
always	 yield	 a	 poly-	 disperse	 material	 featuring	 a	 range	 of	 several	 thicknesses,	 with	 different	
fractions	 of	monolayers,	 bilayers,	 and	 thicker	 layers.[8,	 25]	 The	 presence	 of	 graphene	multilayers	
increases	 the	 number	 of	 carbon	 atoms	 in	 the	 dispersion.	 Consequently,	 the	 final	 R	 values	 are	




low	R	value	 (R	=	22)	 is	measured,	owing	 to	 the	presence	of	 large	amounts	of	both	 flakes	and	PDI	
molecules	 that	 remain	 in	 the	dispersion,	probably	as	 thick	 layers	on	 the	surface	of	 the	 flakes.	The	
presence	of	thick	aggregates	is	also	demonstrated	by	the	onset	of	a	new	absorption	band	at	565	nm	
(white	arrow	in	Figure	S3,	Supporting	 Information),	 in	agreement	with	results	reported	 in	previous	
work.[30]	






minimal	 thickness	 obtained	 is	 much	 larger	 than	 that	 of	 monolayer	 graphene,	 indicating	 that	 the	
material	 obtained	 is	 a	 mixture	 of	 few-layer	 graphene	 and	 thicker	 sheets.	 Unfortunately,	 it	 is	 not	
possible	to	make	more	quantitative	assessment	of	the	thick-	ness	distributions	of	the	sheets	because	
of	the	unknown	number	of	PDI	molecules	adsorbed	on	each	sheet.	








Finally,	 the	 obtained	materials	 were	 used	 directly	 to	 produce	 polymer	 composites	 for	 electrically	
conductive	(antistatic	or	dissipative)	applications.	
The	 processing	 of	 graphene	 and	 GRMs	 with	 polymers	 is	 a	 major	 issue	 hindering	 widespread	
commercialization	of	graphene-based	products.	Processing	of	graphene	composites	by	extrusion	and	
solvent	 casting,	 molding,	 and	 so	 on	 requires	 careful	 tuning	 of	 the	 processing	 conditions	 and	 the	
nanosheet	 structure.	 Incorrect	 processing	 can	 lead	 to	 aggregation	 of	 the	 nanosheets,	 yielding	
mechanical	 defects	 and	 poor	 electrical	 percolation	 in	 the	 final	 composite,	 and	 modifying	 the	
rheology	of	the	matrix	and	the	final	performance	of	the	material.	
To	this	end,	we	have	used	a	technique	recently	developed	by	Coleman	and	co-workers	for	rubber,	




deposition	 approach	 is	 interesting	 industrially	 because,	 as	 it	 is	 a	 post-processing	 step,	 it	 does	 not	
require	modification	of	the	production	setup,	and	ensures	a	more	uniform	distribution	of	graphene	
in	 the	 first	 layers	of	 the	matrix.	First,	we	repeated	 the	experiments	described	 in	Ref.	 [31],	 soaking	
natural	rubber	in	G/PDI	dispersions.	The	rubber	was	soaked	for	12	h	at	room	temperature	in	the	G-




We	then	used	the	same	approach	on	commercial	 films	of	poly(vinyl	chloride)	 (PVC)	 ;	 this	 is	one	of	
the	most	 technologically	 relevant	 polymers,	 used	 extensively	 for	 pipes,	 cables,	 building,	 clothing,	




















observable	by	SEM	that	 the	 sheets	penetrate	 into	 the	polymer	 in	an	 isotropic	way,	 in	 some	cases	
protruding	out	of	the	surface	(Figure	S6,	Supporting	Information).	
A	 strong	 improvement	 in	 material	 hydrophobicity	 (≈40	 %)	 was	 observed	 in	 all	 cases,	 with	
measurements	 of	 water	 contact	 angle	 (Figure	 S10,	 Supporting	 Information)	 increasing	 from	 728	
(blank	PVC)	to	1038	after	treatment	with	PDI-H	and	PDI-F	and	1018	upon	treatment	with	PDI-F.	









All	 the	 results	 obtained	 to	 date	 for	 LPE	 of	 graphite	 into	 graphene	 relied	 on	 the	 use	 of	 organic	
solvents	with	high	surface	 tension	 in	 the	range	40–50	mJ	m-2.[9]	However,	 solvents	 featuring	such	
high	 surface	 tensions	 also	 possess	 high	 boiling	 points,	 and	 have	 some	 limitations	 in	 the	 use	 of	
graphene	(e.g.	,	toxicity,	or	compatibility	with	industrial	standards).	
In	this	study,	we	have	demonstrated	that	 it	 is	possible	to	combine	the	use	of	organic	solvents	and	
PDI	 organic	 surfactants	 to	 obtain	 dispersions	 of	 FLG	 in	 solvents	 in	 which	 graphene	would	 not	 be	
stable	on	its	own.	The	results	described	here	provide	evidence	that	few-layer	graphene	flakes	can	be	
stabilized	 in	 organic	 solvents	 by	 adding	 small	 amounts	 of	 suit-	 able	 molecules,	 in	 a	 similar	 but	
different	way	to	the	typical	action	of	soaps	in	water.	The	composite	materials	thus	obtained	can	be	
included	 in	 a	 straightforward	 way	 in	 elastomer	 or	 thermoplastic	 materials,	 rendering	 them	
conductive.	 We	 underline	 that	 the	 process	 could	 be	 industrially	 relevant	 because	 the	 employed	
surfactants	are	commercial	PDI	molecules	 that	are	already	used	as	polymer	additives.	The	process	
described	 here	 could	 be	 compatible	 with	 large-scale	 industrial	 application	 in	 the	 polymer	
industry.[13,	25]	
Exfoliation	in	liquids	using	solvents	is	one	of	the	most	promising	techniques	for	the	mass	production	
of	 graphene	 and	 its	 processing	 into	 useful	 materials.	 Although	 graphene	 produced	 in	 this	 way	 is	
already	commercially	available	on	an	 industrial	 scale,[6]	 its	penetration	 in	 the	market	of	advanced	
materials	 is	 still	 shallow.[33]	The	main	challenges	 to	be	overcome	are	 the	quality	and	reliability	of	
the	materials	produced	 (larger	 sheet	 size,	 lower	average	 thickness,	 lower	defect	density,	etc.)	and	
the	 development	 of	 procedures	 to	 process	 graphene	 in	 a	 way	 that	 is	 compatible	 with	 actual	






Graphite	 powder	 and	 PDI	 were	 purchased	 from	 Sigma	 Aldrich	 and	 used	 as	 received.	 The	 dye	
molecules	 used	 were	 :	 1,3,8,10(2	 H,9	 H)-	 tetraone,	 2,9-bis(2-phenylethyl)anthra[2,1,9-def	 :6,5,10-
d’e’f’]diisoquinoline,	 2,9-bis[2-(4-fluorophenyl)ethyl]anthra[2,1,9-def	 :6,5,10-	 d’e’f’]diisoquinoline-
1,3,8,10(2	 H,9	 H)tetrone,	 and	 2,9-bis[2-(4-chlorophenyl)ethyl]anthra[2,1,9-def	 :6,5,10-
d’e’f’]diisoquinoline	1,3,8,10(2	H,9	H)tetrone.	For	simplicity,	the	molecules	are	named	PDI-H,	PDI-F,	








Mixtures	 of	 graphite	 (3	mg	mL-1)	 and	 PDI	 (0.1	mg	mL-1)	 were	 added	 to	 the	 selected	 solvent.	 The	
solutions	 were	 sonicated	 for	 4.5	 h	 (Elmasonic	 P70H,	 frequency	 =	 37	 KHz,	 power	 =	 110	 W)	 at	 a	
constant	temperature	of	50	8C.	After	sonication,	the	macroscopic,	non-exfoliated	graphite	particles	
were	eliminated	 from	 the	dispersions	by	mild	 centrifugation	at	2200	 rpm	 for	45	min	 (Omnifuge	2	
RS).	
Absorption	measurements	







mechanical	 and	 electrical	 contacts.	 PDI	molecules	were	 dissolved	 in	 CHCl3	 and	 then	 diluted	 in	 1-
phenyloctane	(0.08	mm).	A	drop	of	solution	was	cast	on	the	sample	just	before	the	measurement.	
The	 STM	 tips	 were	 cut	 mechanically	 from	 a	 Pt/Ir	 wire	 (90/10,	 diameter	 0.25	 mm,	 commercially	
available	 from	 Goodfellow.uk).	 The	 raw	 STM	 data	 were	 processed	 through	 the	 application	 of	
background	 flattening	 (2nd	degree	 least-square	 polynomial	 fitting	 on	 X	 and	 Y	 directions),	 and	 the	
drift	 was	 corrected	 by	 using	 the	 underlying	 graphite	 lattice	 as	 a	 reference.	 The	 latter	 lattice	 was	
visualized	by	lowering	the	bias	voltage	to	20	mV	and	raising	the	current	to	65	pA.[34]	
	 AFM	topography	





SEM	 images	were	acquired	with	a	ZEISS	1530	 instrument.	STM	studies	of	 the	self-assembly	 in	 two	
dimensions	were	performed	using	a	Veeco	 scanning	 tunneling	microscope	 (multimode	Nanoscope	
III,	 Veeco)	 at	 the	 interface	 between	 highly	 oriented	 pyrolitic	 graphite	 (HOPG)	 and	 a	 supernatant	
solution.	Dispersions	of	the	investigated	molecules	were	deposited	on	the	basal	plane	of	the	surface.	
The	static	water	contact	angles	(CA)	were	measured	at	25	8C	in	air	by	using	a	contact	angle	meter	
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Table 2. Amount of PDI and FLG in CHCl3 solution, estimated by OS and 
STM measurements. 
PDI PDI conc. FLG conc.  R[a] R[b] 
Molecule [mg L@1]  [mg L@1]  (from OS) (from STM) 
PDI@H 12.36 15.50 62 37 
PDI@F 11.14 11.71 55 38 
PDI@Cl 9.42 11.55 68 32 
[a] R = carbon atoms of graphene present in solution/PDI molecule. 
[b] Assuming perfect PDI coating and perfect exfoliation, leading to 
100 % monolayers. 
	
	 	
1. Amount of and in by  
PDI    
Molecule [mg (from  
 70.78 1.58 1 
 74.00 31.63 22 
 39.31 15.87 22 

































Figure	 6.	 a)	 Representative	 image	 of	 nanosheets	 exfoliated	with	 PDI	 observed	 by	 AFM	 on	 a	 SiOx	
surface.	 b)	 Representative	 image	 of	 a	 PVC	 film	 after	 the	 swelling	 process	 in	 G-PDI@F	 solution	 in	
CHCl3.	c)	The	same	PVC	film	under	UV	light,	revealing	the	fluorescence	attributed	to	PDI	molecules.	
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